Tisochrysis lutea is a microalga species currently used in aquaculture as a feed for shellfish, oysters and shrimps. It also has many other potential industrial applications, such as the production of neutral lipids for biofuels or the production of ω-3 fatty acids for nutraceuticals (human food complements). To efficiently exploit the potential of this microalga, however, higher lipid productivities are needed. To this end, improvement programs need to be developed and optimized. The diversity of strains available in microalgae has not yet been exploited in such improvement programs.
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A B S T R A C T
Tisochrysis lutea is a microalga species currently used in aquaculture as a feed for shellfish, oysters and shrimps. It also has many other potential industrial applications, such as the production of neutral lipids for biofuels or the production of ω-3 fatty acids for nutraceuticals (human food complements). To efficiently exploit the potential of this microalga, however, higher lipid productivities are needed. To this end, improvement programs need to be developed and optimized. The diversity of strains available in microalgae has not yet been exploited in such improvement programs. In this study, the intra-strain diversity was observed and exploited to increase neutral lipid productivity. New clonal strains with higher neutral lipid productivity were successfully selected. The best clonal strain selected accumulated 520% more triacylglycerols, with a similar growth rate to the wild-type strain in continuous light and nitrogen starvation conditions. In a photoperiod culture condition, this clonal stain also accumulated 84% more storage lipids and 30% less carbohydrates, compared to the wild-type strain. This clonal strain thus had a higher productivity which is of great interest for feed or biofuel applications.
This study also focused on identifying the genomic mechanisms responsible for the improvements in these clonal strains. With this objective, the genome of Tisochrysis lutea was sequenced for the first time. It is the third genome of a Haptophyte microalga sequenced so far. Different genetic polymorphisms were identified between the sequenced genomes of the wild-type strain and clonal strains. Activity of transposable elements seems to have been involved in the genome reshuffling obtained through the improvement program. The contribution of transposable elements to the adaptive capacity of microalgae remains to be demonstrated.
Background
Marine microalgae are unicellular photosynthetic eukaryotes. They form the first link in the food chain for aquatic organisms, and are responsible for 35% of the Earth's primary production in the ocean [1, 2] . We have only just begun to explore the world of microalgae [3] . Currently, around 140,000 algae species have been inventoried (http:// www.algaebase.org/), but their true number is estimated to be around 1,000,000 species [4] . With the depletion of terrestrial resources, microalgae are attracting a great deal of interest. They can be exploited in many areas such as food, feed, cosmetics, bioremediation and production of third-generation biofuels [5, 6] . However, in many domains, there are obstacles that need to be solved to develop economically and environmentally-friendly processes.
The microalgae research and development community agrees that the improvement of algae strains is one of the major factors that must be addressed [7, 8] . Currently, all cultivated microalgae strains are directly derived from their natural environment and are considered as wild-type strains. As with modern agriculture, microalgae exploitation requires improved strains to be obtained in order to become economically viable [9] . The improvement of microalgae is a recent idea, since the first microalgae improvement programs were set up in the last decade. However, at present, fragmented knowledge on the biology of microalgae species (biodiversity, physiology, intracellular mechanisms, phenotypes, lifecycle, etc.) limits the use of improvement strategies. The current challenge is thus to develop and optimize improvement methodologies to reduce the gap between the methods available for microalgae and practices already in use for higher plants and animals.
Tisochrysis lutea (Tiso) was chosen for this study because it has been used for decades in aquaculture as feedstock for shellfish, oyster and shrimps and has a promising future in the production of human food complements. Indeed, this microalga contains many antioxidant molecules of interest for health. In addition, it has been demonstrated to have a high content of long-chain polyunsaturated fatty acids such as docosahexaenoic acid (DHA) [10] and stearidonic acid (SA) [11] .
An improvement program to increase lipid productivity was conducted by Bougaran et al. [12] using an empirical selection strategy based on a sequential mutation-selection procedure performed on the Tiso wild type strain. Mutagenesis was performed on Tiso-Wt with UV-c radiation treatments to increase the probability of obtaining individuals with interesting lipid profiles. To select these, a selection procedure was then applied using a flow cytometer with a cell sorter. The sorting of the best candidates according to their lipid traits was assisted by neutral lipid staining (Nile Red dye). Among the algal cells, the 10% most lipidrich individuals were selected. Two successive rounds of mutation-selection were applied, through which the Tiso-S2M2 strain was obtained. The improved strain, demonstrated an increase in neutral lipid productivity of 80% compared to the initial Tiso-Wt strain [13] . In addition, the ability for lipid over-accumulation was proven to remain stable under our culture conditions for more than 6 years (until present).
After this first improvement program, molecular approaches were used to characterize the improved strain (Tiso-S2M2) and to guide further improvement strategies. An RNAseq approach was performed on cultures under nitrogen deficiency to compare coding sequences and their expression levels between Tiso-Wt and Tiso-S2M2 strains [14] . Through this work, the first reference transcriptome of the Tisochrysis lutea species was built. Variations in RNA and protein expression levels were measured to better characterize the metabolic differences between Tiso-S2M2 and Tiso-Wt [14, 15] . At the different molecular levels (protein and RNA), many variations were identified associated with candidate genes (more than a hundred genes). This high candidate number suggested a large genome alteration during the improvement program leading to the Tiso-S2M2 strain. Overall, lipid synthesis in Tiso-S2M2 seemed similar to that in Tiso-Wt, whereas lipid catabolism, carbon assimilation, carbohydrate metabolism and many regulation proteins seemed to be more affected. Additionally, coding sequence analysis in the two strains revealed polymorphism (SNPs). Comparison of this genetic polymorphism between Tiso-Wt and Tiso-S2M2 revealed that, quantitatively, the amount of molecular variation was maintained in the improved strain Tiso-S2M2. These results suggested a conservation of algal cell diversity in Tiso-S2M2 despite the mutation-selection procedures. This diversity could be exploited for subsequent improvement programs. Several studies show that screening microalgal diversity is a good approach for selecting the most interesting strains [16] [17] [18] [19] .
In the present study, following the results from earlier research [12, 14] , the extent of intra-strain diversity in the wild-type strain and improved strain (Tiso-S2M2) were qualified on the neutral lipid content. Then, intra-strain diversity of Tiso-S2M2 was exploited to obtain new strains further improved for their neutral lipid content. Obtaining domesticated strains with high neutral lipid content is of interest for feed and biodiesel applications. To this end, cells with a high content of neutral lipids were isolated from Tiso-S2M2. The two best clonal strains (Tiso-S2M2-CL1 and Tiso-S2M2-CL2) in terms of neutral lipid content were examined to obtain details at the genomic and phenotypic level that would improve our understanding of the impact of the improvement program and the isolation procedure. To perform this step, the genome of the wild-type strain and the genome of the two new clonal strains were sequenced and their genetic polymorphism was assessed. A first draft reference genome of Tiso was reconstructed from the sequenced data. We thus also report the first sequenced genome of [12] . A high heterogeneity in neutral lipid content was observed in both strains. Fig. B: histograms showing the distribution of algae cell numbers as a function of Nile Red fluorescence. The mean neutral lipid content was higher for Tiso-S2M2 than for Tiso-Wt. Additionally, the standard deviation was higher for Tiso-S2M2 than Tiso-Wt, demonstrating a higher heterogeneity for neutral lipids in Tiso-S2M2. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Tisochrysis lutea, which is the third genome sequenced in the Haptophyta phylum.
Results and discussion

Highlighting intra-strain diversity of neutral lipids in Tiso-S2M2
The first improvement program resulted in a strain with a higher lipid productivity (Tiso-S2M2) than the wild-type strain (Tiso-Wt) [12] . Despite selection and mutation processes during the improvement program, molecular diversity (based on allele frequency measured in the transcriptome of each strain) persisted in the Tiso-S2M2 strain [14] . Following these results, we aimed to assess whether the molecular diversity within a strain could also be observed at the phenotypic level, particularly for the neutral lipid traits. Neutral lipid content was therefore measured in each algae cell of Tiso-Wt and Tiso-S2M2 strains, using Nile Red dye with a flow cytometer (Fig. 1) . Unsurprisingly, mean neutral lipids were higher in Tiso-S2M2 than Tiso-Wt (Nile Red, fluorescence dye in mean: 382 for Tiso-Wt and 1417 for Tiso-S2M2, Fig. 1B ). Neutral lipid content showed a higher heterogeneity between algae cells in Tiso-S2M2 than in Tiso-Wt (standard deviation was 710 for Tiso-S2M2 and 194 for Tiso-Wt). Contrary to the molecular variation previously observed by Carrier et al. [14] , heterogeneity for neutral lipid content was not similar between strains. Why this greater variation was not observed by the transcriptomic approach remains unclear. One reason could be that Carrier et al. [14] limited their investigation to coding regions and not the complete genome. Secondly, the focus was on neutral lipids, but this single trait does not reflect the complete phenotypic heterogeneity within Tiso-S2M2.
Use of intra-strain diversity to produce strains of interest
Our previous results revealed the heterogeneity of neutral lipids between algal cells within Tiso-S2M2 strains. We aimed to exploit the intra-strain diversity to obtain clonal strains with a higher neutral lipid content. The cytometer approach is an efficient strategy to exploit intrastrain diversity in microalgae [16, 20, 21] . By this method, 708 algae cells among the 10% of algae with the highest Nile Red fluorescence in Tiso-S2M2 strain were isolated using a sorting flow cytometer (FAC). Among these, 106 (15%) clonal strains survived after isolation, and only nine clonal strains (1.5%) were obtained after 49 days of the recovery step (Fig. S2) . After the recovery step, the neutral lipid content of the nine clonal strains was measured. All clonal strains had a higher neutral lipid content than the mean content of the Tiso-S2M2 strain (Fig. 2) . Interestingly, the high neutral lipid content in clonal strains was conserved despite the 5 months of growth during the recovery stage (approximately 150 generations), meaning that the lipid trait was fixed. Additionally, clonal strains revealed variable neutral lipid contents, confirming the diversity within Tiso-S2M2. These results show the efficacy of using intra-strain diversity to obtain new algae strains of interest. Moreover, during the photoperiod experiment performed after 2 years of the isolation procedure (see results in the next section), cytometer analysis showed that the heterogeneity of the clonal strains (Tiso-S2M2-Cl1 and Cl2) was lower (standard deviation 6924 and 5818 respectively) than the heterogeneity of the wild-type strain (10,248, Fig. S3 ). These results confirm the reduction of diversity in clonal strains after the isolation procedure, although the heterogeneity in clonal strains is still significant after 2 years suggesting that there could be genetic drift in these strains.
Several studies on microalgal biodiversity showed that different strains belonging to the same species can show high inter-strain diversity [17] [18] [19] [20] [21] . A few studies also showed the interest of studying and exploiting this strain diversity of microalgal species such as Chlorella sorokiniana [18] . In the case of Tiso, ten different strains have been inventoried in international collections. These originated from various ecosystems, ranging from the tropical waters of Tahiti to the cold waters of the North Sea (Bendif et al. [31] ). Recently, an eleventh strain was identified in the Sea of Japan [74] . Tiso inter-strain diversity could also be used to further increase the efficiency of improvement programs.
Physiological characterization of the two isolated clonal strains with the highest neutral lipid content 2.3.1. Culture characterization under continuous light and nitrogen starvation
Among the nine clonal strains obtained, the two clonal strains (Tiso-S2M2-Cl1 and Tiso-S2M2-Cl2) with the highest neutral lipid content were characterized in detail to estimate their potential for lipid production and to better understand the origin of their specificity. First, cultures were performed in batch mode under continuous light. Continuous light is the most frequently used laboratory culture mode although it does not reflect industrial outdoor production under natural light. Cultures were sampled at the stationary phase where nitrogen starvation occurred (Fig. S1 ). Nitrogen starvation is known to affect algal metabolism: cell division stops while neutral lipid content increases [27] . Lipid content was measured using HPTLC (Table 1 and  Table S6 ). The two clonal strains (Tiso-S2M2-Cl1 and Tiso-S2M2-Cl2) had a higher total lipid content than Tiso-S2M2 and Tiso-Wt: + 207% and + 209% respectively than Tiso-Wt. Moreover, phospholipids and glycolipids were very similar between all strains, whereas triacylglycerols (TAG) over-accumulated in clonal strains: approximately + 460% and + 520% in Tiso-S2M2-Cl1 and Tiso-S2M2-Cl2, respectively, compared with Tiso-Wt. The clonal strain with the highest storage lipid content (mainly TAG) was Tiso-S2M2-Cl2. Additionally, the growth rate of each strain was calculated by logarithmic linearization when algae were in the exponential grow phase. The growth rate was similar for Tiso-Wt, Tiso-S2M2, Tiso-S2M2-Cl1 (2.27, 2.22 and 2.21 day
, respectively) and a little lower for Tiso-S2M2-Cl2 (1.97 day − 1 ) in these culture conditions. The lipid profile and the growth rate of these two clonal strains did not seem completely identical, meaning that the two strains have several specificities.
Characterization nutrient replete conditions with photoperiod
A complementary characterization of these strains was performed with monitored cultures submitted to light/dark cycles (12 h/12 h) mimicking daylight variations and without any nutrient limitation (Fig. 3) . The culture conditions were closer to that used in industrial outdoor production under natural light. Several physiological traits were measured every 3 h for 30 h (Fig. 3 ): i) cell concentration, ii) size of cells iii) cell carbon and nitrogen quotas, iv) neutral lipid content v) carbohydrate content and vi) protein in algal cells. As expected from results from many algae species [28] , Tiso was affected by the photoperiod.
During the light period, cell division stopped, and carbon storage metabolites (carbohydrates and neutral lipids) accumulated in the cells. Consequently, the cell carbon quota (total carbon within the cell) and cell size increased during the light period (Fig. 3-C) . Conversely, during the dark period, cell division was observed (Fig. 3-A shows how cell concentration doubled within one night), carbon storage metabolites were consumed (Fig. 3-C-D-E) and, consequently, the total carbon content and cell size decreased (Fig. 3-C-B) . Additionally, the total amount of protein in the cells seemed to slightly increase during the light period and to decrease during the dark period, although it did not vary substantially (Fig. 3-F) . Similar effects of photoperiod were were measured by flow cytometry. Cell total carbon content (C) was measured using an elemental analyzer. Cell carbohydrate (E) and protein (F) contents were measured by spectrophotometer.
previously reported for the same species [29] . Under these culture conditions, a high variation was observed between the three strains. Unsurprisingly, the amount of neutral lipid accumulated during the light period was higher in Tiso-S2M2-Cl1 and Tiso-S2M2-Cl2 than in Tiso-Wt (+40% and + 84%, respectively, Fig. 3-D) . Between the two clonal strains, a variation in neutral lipid content was also observed. During the light period, Tiso-S2M2-Cl2 accumulated lipids more quickly than Tiso-S2M2-Cl1: the highest neutral lipid content was reached at approximately 15 h for Tiso-S2M2-Cl2 compared with 18 h for Tiso-S2M2-Cl1. During the dark period, lipid consumption also seemed faster for Tiso-S2M2-Cl2 than for Tiso-S2M2-Cl1. In addition, the amount of neutral lipids was similar in all strains at the end of the dark period, suggesting that the minimum neutral lipid quota is conserved between strains.
Experimental results on the amount of carbohydrates were the opposite to those on lipids ( Fig. 3-E) . The amount of carbohydrates was higher in the Tiso-Wt strain than in the clonal strains, particularly during the light period: − 24% and −30% in Tiso-S2M2-Cl1 and Tiso-S2M2-Cl2, respectively, compared with Tiso-Wt (Fig. 3) . Thus, we can assume that a higher quantity of carbon assimilated during the light period was allocated to lipids rather than to carbohydrates in Tiso-S2M2-Cl1 and Tiso-S2M2-Cl2. This metabolic shift observed between the wild-type and the clonal strains could explain part of the over-accumulation of lipids in the clonal strains.
This over-accumulation can also be partly explained by the growth rate of the improved strains. Indeed, during the light period, the carbon quota in Tiso-S2M2-Cl1 and Tiso-S2M2-Cl2 was higher than in Tiso-Wt: + 23% and +44%, respectively, compared with Tiso-Wt (Fig. 3-C) . Yet, the carbon quota was similar at the end of the dark period in all strains, whatever the amount of storage carbon accumulated during the light period. These results first suggest that the excess carbon stored during the day is entirely consumed during the night as the cells divide. In addition, the amount of accumulated carbon during the light period limits the growth rate during the dark period. Hence, since more carbon is stored in the improved strains during the day, the growth rate is higher for these strains during the dark period, as supported by the experimental data (Fig. 3-A) : Tiso-S2M2-Cl2 grew at 2.55 j ), Tiso-S2M2-Cl1 at 2.16 j − 1 ( ± 0.05) and Tiso-Wt at 2.14 j − 1 ( ± 0.09).
Concerning industrial culture conditions, a higher productivity of neutral lipids could be interesting. Considering one day of culture and a harvest of algae when the content in lipid is optimal (approximately 15 h), the productivity for neutral lipid is + 103% for Tiso-S2M2-Cl1 compared to Tiso-Wt. This strain could be particularly interesting in different industrial fields such as biofuels or feed production.
Draft reference genome of Tisochrysis lutea and comparison with other sequenced Haptophytes
In order to analyze the strain improvement program at the genetic level, it was necessary to sequence the Tiso genome. Nowadays, a reference genome is necessary to use many molecular approaches and also provides better knowledge of the evolutionary history of the species. A draft Tisochrysis lutea reference genome was obtained from the sequencing of the three Tiso strains in this study (Tiso-Wt, and the two new clonal strains). Sequencing data of these three strains were combined to obtain the Tiso reference genome, which is thus a consensus of these strains. The sequencing was performed using an Illumina Sequencer HiSeq 2000. The library preparation was performed in matepair mode to optimize genome assembly [30] . In all, 358 million reads were obtained and assembled into 7662 contigs (N50 = 10,571 b) with an average read depth higher than 200 × (see Material and methods). This first draft reference genome has an estimated size of 54.38 Mb. The genome was then automatically annotated and 20,582 genes were identified. On average, the genes contained a single intron and 47% of the genome was predicted to be coding sequences. A putative function of the identified genes was assigned. Among the 20,582 genes predicted, 10,383 genes (50.4%) had a putative function thanks to a sequence or protein domain homologous to ones known in databases. In addition, 2096 genes (17.7%) had an Enzyme Code (EC) identified. The amount of genes with a putative function identified was similar to the amount for other microalgae sequenced to date (approximately 50%).
Tisochrysis lutea belongs to the Haptophyta phylum [31] (Fig. 4) . This phylum is of major importance in aquatic ecosystems, being composed of algae species that are dominant either in freshwater, or in the seas and oceans [32, 33] . Currently, only two species have draft sequenced genomes available: Chrysochromulina tobin [34] and Emiliania huxleyi [35] (Fig. 1) . The reference genome of Tiso was compared to the genomes of these algae (Fig. 4) . The Tiso genome is of a similar size to the C. tobin one, but is half the size of the E. huxleyi genome ( Table 2 ). The number of genes and the percentage of coding regions identified in Tiso are also closer to C. tobin than E. huxleyi (Table 2) . Indeed, the number of genes present in multiple copies in the Tiso and C. tobin genomes is smaller (25.8% and 29.0%, respectively) than in the E. huxleyi genome (73.3%). These data show that, in terms of genome structure, Tiso is more similar to C. tobin than E. huxleyi, despite their phylogenetic distance. The predicted proteomes of these three sequenced haptophytes were also compared in order to identify the number of genes homologous between these algae (Fig. 4) . Tiso has a higher number of homolog genes with E. huxleyi (7512; 36.4%) than with C. tobin (4686; 22.7%). Contrary to the results obtained on the genome structure, the number of genes in common is in accordance with the phylogenetic distance between these algae (Fig. 4) . Interestingly, the number of homolog genes in these three haptophytes is only 2733, highlighting their large phylogenetic distance.
These comparisons suggest that the evolutionary history of Tiso is complex and, on a broader level, so is the history of the different families of the Haptophyta phylum. The genome of E. huxleyi is twice as large and contains twice as many genes as those of Tiso and C. tobin. Moreover, the genome of E. huxleyi contains a high number of genes present in multiple copies compared to Tiso and C. tobin genomes and this level of multiple copies is similar to polyploid species such as soybean [36, 37] . These first genomic comparisons thus suggest an ancient polyploidy event, probably generated by a particular secondary endosymbiosis, by the duplication of the genome from which E. huxleyi originated or, at a broader level, at the origin of the Noelaerhabdaceae family. Polyploidization events are relatively frequent in history of terrestrial plants and have an important role in species evolution [38, 39] . It is therefore not surprising to see these events in algal history. In the future, a large evolutionary study on Haptophyte species at the genomic level would improve our understanding of the complex history of this phylum.
Genomic comparison of the two improved clonal strains
The draft genomes of Tiso-Wt, Tiso-S2M2-Cl1 and Tiso-S2M2-Cl2 were sequenced and compared to investigate the genomic shift induced by the improvement program and isolation procedure. The genome of each of the three strains was sequenced independently and the sequenced data for each strain was mapped on the reference genome produced in this study. Polymorphisms (SNPs and small or large insertion/deletions) from loci polyallelic within or between strains were identified using a combination of different software, as described in the Materials and methods section, to eliminate false positive polymorphism.
First, polyallelic loci were identified in each strain independently. The number of polyallelic loci was 9301 and 12,935 in Tiso-S2M2-Cl2 and Tiso-S2M2-Cl1, respectively, and 21,869 in Tiso-Wt (Fig. 5) . The number of polyallelic loci is, unsurprisingly, higher in Tiso-Wt (around 2 fold) than in the clonal strains, due to the presence of several individuals in this strain. Among these data, the estimation of haplotype number was performed with HapCut and Freebayes software [40, 41] . On average, 53 haplotypes were detected in Tiso-Wt. This number is a preliminary estimation because it is difficult to identify haplotypes with short reads. In the future, using long reads will improve accuracy. Concerning the clonal strains (Tiso-S2M2-Cl1 and Cl2), unsurprisingly, two haplotypes were identified confirming the diploid phase in the life cycle of Tiso. Second, the genomic events which had given rise to the lipid-improved clonal strains (Tiso-S2M2-Cl1 and Tiso-S2M2-Cl2) were sought. Polyallelic loci and monoallelic loci of each strain were compared to identify polymorphic loci between strains (SNPs, small and large insertion/deletions). These polymorphic loci between Tiso-Wt and the The number of polyallelic loci identified in each strain is indicated in each circle. The number of polymorphic loci identified between two strains is given in the rectangles. The distribution of these polymorphic loci (SNP, small indel and large indel) is also given in each rectangle. A. The number of putative polymorphisms without an impact on genes is given in the rectangles. Fig. B . The number of putative polymorphisms with an impact on genes is given in the rectangles.
clonal strains would have arisen from genomic events during the selection program or isolation procedure or from genetic drift. Currently with these data, the specific moment when mutation was produced is not known. Broadly, the polymorphic loci between the Tiso-Wt strain and the clonal strains (7571 with Tiso-S2M2-Cl1 and 8456 with Tiso-S2M2-Cl1) are more numerous than the polymorphisms between the two clonal strains (2655 between Tiso-S2M2-Cl1 and Tiso-S2M2-Cl2). These results are coherent since a wild-type strain, containing diversity between individuals, was compared with clonal strains from single cells (Fig. 5) . Interestingly, the genomic polymorphism between the two clonal strains (Tiso-S2M2-Cl1 and Tiso-S2M2-Cl2) is significant. The phenotypic variation previously observed between these clonal strains is probably due in part to the genomic polymorphisms identified here. From the polymorphisms observed between the clonal strains, a list of 88 candidate genes with a putative impact on strain phenotype was established (Table S3 ). Among these, 65 genes have no putative function and 23 genes have putative annotations that are distributed across diverse metabolic pathways, not showing any pathway that was particularly affected. However, eight genes (34% of the annotated genes) play a role in regulation of other proteins. A list of candidate genes with shared polymorphisms in Tiso-S2M2-Cl2 and Tiso-S2M2-Cl1 but a difference with Tiso-Wt was also established (Table S4) . Despite their specificity, due to their common origin, these clonal strains share a similar genetic and phenotypic background, mainly over-accumulation of lipid and under-accumulation of carbohydrates, see Section 2.3. Sixty-one candidate genes were identified and 36 had a putative function assigned (Table S4) . Among the genes, only three had a putative function in lipid metabolism and two in carbohydrate metabolism. Interestingly, 14 candidate genes (38% of annotated genes) play a role in regulation of proteins including transcription factors, which can play a key role in phenotypic variation.
These primary results suggest that the regulation pathway is more affected than the core metabolism in these strains. The comparison of strains at the phenotypic level suggests that the regulation of primary pathways (carbohydrate and lipid accumulation) was affected during the light period (see results above). Additionally, a comparison study between Tiso-S2M2-Cl1 and Tiso-Wt strains in chemostat culture with different nitrogen conditions was realized [42] . Similarly, overall quantitative variation in carbon allocation was observed in Tiso-S2M2-Cl1 compared with Tiso-Wt according to change in nitrogen availability. The new phenotype seems not to be affected in its "core genes" but results from combinations of variants, which adapt the gene regulation network to make the phenotype suitable for the environment. These results also correspond to what has been observed in a few laboratory selection experiments [43] , where regulation genes were more affected than structural genes such as enzymes of primary metabolism. In a future study, genetic quantitative approaches or regulation network approaches could be used to better characterize these improved strains.
The origin of polymorphisms giving rise to the improved clonal strains
The specific moment when mutations were produced cannot be identified with only theses current data. However, we can seek the major mechanisms for genome plasticity which were produced during the improvement program and which are responsible of these clonal strains. The distribution of the different classes of polymorphisms from which the clonal strains originated was established. The polymorphic loci detected between the strains do not have the same molecular origin and might not contribute similarly to the phenotypic variations observed. The polymorphisms identified could be a substitution for one Single Nucleotide Polymorphism (SNP), a gain or loss/gain of several nucleotides (small indel) or a large deletion/insertion of hundreds of nucleotides (large indel). The distribution of different polymorphisms between clonal strains and Tiso-Wt was similar for both clonal strains (55% ± 5 for SNPs, 25% ± 5 for small indels and 20% ± 1 for large indels (Fig. 5-A) ). Unsurprisingly, these results showed no variation in the genomic reshuffle between the clonal strains isolated, which were derived from a single strain. The polymorphism distributions observed between strains reflect the impact of each polymorphism class on the phenotype. Comparison of the different classes reveals that the SNP polymorphisms are more frequent than the other types between clonal strains and Tiso-Wt and also between the two clonal strains (69% for SNPs, 23% for small indels and 8% for large indels (Fig. 5-A) ). However, each class of polymorphism could affect the phenotype differently. It has been established that most polymorphisms maintained in genomes can be considered as of neutral effect and without impact on the phenotype [44] . Inversely, the mutations offering a phenotypic gain are rare while the deleterious mutations are eliminated quickly from the population. The SNP affects a single-nucleotide and consequently is usually neutral to the phenotype, whereas small indels and large insertions affecting several nucleotides would generate more impact on a gene. In this study, polymorphisms are considered to potentially affect the phenotype if an associated gene codes for variation that has been previously observed at the transcriptomic level [14] or impacting the amino acid(s) of the associated protein(s). It is not entirely complete and false positives could be present, but it is still a good first overview. Interestingly, SNPs remain the main polymorphism present between all strains (47% on average ± 2%), but large indels have a higher importance (38% on average ± 2) (Fig. 5-B) . This is because only 3.3% of SNPs have a potential impact on the phenotype, whereas 7.5% of large indels have one. Large indels are less frequent at the scale of the whole genome (20%), but their likelihood of having an impact on the phenotype is higher than for the SNPs. Thus, in the future, large indels will be studied as carefully as SNPs. The origin of these large insertions was searched for using sequence similarity. Mainly transposable elements were identified (48% of large insertions matched with a transposable element known in the RepBase [45] database). Transposable elements are a molecular mechanism well known to respond to stress conditions and play an important role in genome evolution [43] [44] [45] .
The polymorphism generated by the activity of transposable elements seems to be the major mechanism responsible for the genomic reshuffle that impacted the phenotype. Transposable elements are known to play a major role in genome evolution and the adaptation of species to their environment [49] [50] [51] . Therefore, the identification of a high activity of transposable elements induced by the improvement program is not surprising. Moreover, transposable elements are a quick solution to adapt a phenotype to the environment by modifying the gene regulation network without modifying the core genes [52, 53] . Transposable elements play a major role in the explanation of the adaptation of invasive species to novel habitats despite very limited initial diversity [54] . The improvement program used here, from an initial Tiso strain of limited diversity, is a very similar case. Transposable elements could be one of the major actors of microalgal adaptation and evolution, although they have been little studied to date.
Conclusion
Microalgal cultivation has a great potential in many industrial domains. However, to become efficient, several challenges need to be overcome [8] . Microalgae species with potential industrial applications, such as Tisochrysis lutea, are not model organisms and their study has only just begun. One of the current challenges is to develop and optimize improvement methodologies as efficient as those used in the field of plants and animals [19] . This study associated a genomic and a phenotypic approach to provide a first basis for future microalgal improvement programs. Results of this study show that intra-strain diversity is present in Tiso and can be exploited to obtain improved strains of interest. An improved clonal strain with a high production of neutral lipids was obtained in this study. Moreover, at the genomic level, transposable elements seem to be one of the major actors responsible for this intra-strain diversity and deserve more extensive study.
Materials and methods
Microalgae strains and culture conditions
The reference strain of this study, Tisochrysis lutea (Tiso-WT), previously named Isochrysis affinis galbana [31] , was provided by the Culture Centre of Algae and Protozoa (CCAP 926/14) . This strain was isolated in the late 1970s and has been maintained at the algae bank ever since. A previous improvement program made it possible to obtain a first lipid-improved strain (Tiso-S2M2, IFR-32B85) [12, 13] . From this improved strain, two new clonal strains were obtained (Tiso-S2M2-Cl1 and Tiso-S2M2-Cl2) using an isolation program (see next section for details). Cultures of Tiso were performed in batch mode in 1-L flasks containing Conway medium [55] and aerated by bubbled 0.22 μm filtered-air. The cultures were maintained at a constant temperature of 21°C, under a constant irradiance of 80 μmol·m
Isolation procedure for the acquisition of improved clonal strains
The isolation of improved clonal strains was performed at the stationary phase of a batch culture of the strain Tiso-S2M2, when the algae were in nitrogen starvation and accumulated a large amount of neutral lipids (after 14 days of culture, similar to results shown in Fig. S1 ). To sort algae cells according to their neutral lipid content, Nile Red dye was used [56] . Nile Red was added to each sample (1 μL mL − 1 for 2 million cells) immediately before running samples through the cytometer, as described in Rumin et al. [56] . The linear relation between neutral lipids and Nile Red fluorescence in Tiso under these conditions was shown by Bougaran et al. [12] . Algae were isolated using a Facs Aria II Cytometer fitted with an automatic sorting device (Excitation laser 488 nm, event rate 10,000 element s (Fig. S3) . After the 25 days, algae were suspended in 1 mL of culture medium. After the 10 days of culture, the algal cell concentration had reached 10.10 6 cells/mL and the algae cells were suspended in a fresh 50 mL of culture medium. To finish, after 21 days of culture, algae cells were suspended in 100 mL of culture medium. Algae cells were resuspended for conservation every 3 weeks. After 5 months, a new measure of the amount of lipids was performed by spectrometry with Nile Red dye in stationary phase culture to compare neutral lipid content in the clonal strains. . In stationary phase, when nitrogen was deficient, two samples were taken (Fig. S1) . Absence of nitrogen in the culture medium was confirmed by spectrophotometry at 220 nm as described in [57] . The detailed lipid profiles were analyzed using High Performance Thin Layer Chromatography (HPTLC). The harvested samples (approximately 150 million algae cells in 10 mL) were suspended in 6 mL of Folch solution (methanol-chloroform 2:1). The samples prepared were deposited with an automatic TLC sampler onto a silica plate. Migration was realized in solvent (20 mL hexane; 5 mL diethanol ether; 0.5 mL acetic acid) with standard lipids (Table S5 ). The revelation was realized in Chromatogram Immersion Device solution (H3Po4-CuSo4) at 180°C for 30 min. Identification and analysis of bands was performed with WinCats software. These HPTLC analyses were realized in triplicate, examples of chromatograms for each strain are shown in Table S6 .
Physiological characterization of Tiso-Wt, Tiso-S2M2-Cl1 and Tiso-S2M2-Cl2 was also performed during a day/night cycle composed of 12 h of light and 12 h of dark, with a maximal light intensity of 1000 μE·m
. Cultures of Tiso were performed with two biological replicates in 2-L flasks containing Conway medium [55] aerated by bubbled 0.22-μm-filtered air. For 30 h, a sample of culture was harvested every 3 h and the following phenotype analyses were performed: i) cell number ii) cell size, iii) nitrogen and carbon biomass, iv) neutral lipid content, v) carbohydrate content and vi) protein content. The number of cells, cell size and neutral lipids were measured by flow cytometry (BD Accury C6). For each sample, 30,000 events were analyzed with a fluidics slow (14 μL/min). A gating filter was used from the peak in FSC and the peak in FL3 (corresponding to chlorophyll pigments present in microalgae). The size of algae cells was estimated with FSC relative to standard beads added to each sample (SureCount particle standard 5 μm). The amount of lipids was measured on FL2 with microalgae dyed with Nile Red, which was added to each sample (1 μL mL − 1 for 2 million cells) as described in Rumin et al. [56] . For carbohydrate, protein, organic carbon and nitrogen analyses, the samples were collected on several precombusted GF/C filters (Whatman, 25 mm diameter). For the protein and total carbohydrates in algae, the filters were stored at − 80°C until analysis. The filter contents were suspended in TBS buffer (Tris, 50 mM; 150 mM NaCl; pH adjusted to 7.6) and sonication (40 Khz; 2 min in ice) were performed to lyse the cells. The amount of protein was measured using a BCA protein kit (ThermoFisher 23225) and total carbohydrate was measured using the Dubois method [58] . For the amount of total carbon, the filters were deposited in limp glass, placed in a steam room and dried at 75°C for 24 h, then deep-frozen until analysis. Analysis was performed with an elemental analyzer (Thermoelectron). Methionine, aspartic acid and nicotinamide, which have different N and C percentages, were used for calibration.
Sequencing and assembly of the reference genome of Tiso
Algal cultures were treated with antibiotics (Sigma N°A5955) to minimize bacterial contamination. The DNA extractions for each strain were performed after the 6 months of the clonal strains isolation. DNA was extracted using a phenol-chloroform method, described in detail in [59] . For each clone, 10 μg of DNA (Tiso-Wt, Tiso-S2M2-Cl1 and Tiso-S2M2-Cl2) were used for the sequencing, which was performed at BioGenOuest Nantes platform using an Illumina HiSeq2000. The libraries were built using the mate-pair method (2 × 100 b sequenced for a DNA fragment of 2000 bases on average) and the genomes of each clone (Tiso-Wt, Tiso-S2M2-Cl1 and Tiso-S2M2-Cl2) were sequenced independently in different lanes. The raw sequencing data obtained were filtered to conserve only reads with a sufficient quality: First, the raw data were treated using CutAdapt software [60] to eliminate Illumina residual adapters (Anywhere adapters in sequence). Second, the reads were filtered with a homemade script used to conserve only read pairs with a mean sequencing quality score higher than Q30, a length higher than 75 bases for both reads. After filtering was complete, 75% of read pairs were conserved (94, 71, 105 millions of read pairs from Tiso-Wt, Tiso-S2M2-Cl1 and Tiso-S2M2-Cl2, respectively, Table S1 ). The reference genome of the Tiso species was established by the sum of all the sequences. Assembly was performed using CLC Assembly Cell 4.0 (launched with default parameters with an insert-size between 1500 and 3000 bases), 13,114 contigs were obtained (for an overall size of 53.73 Mb). N = 33 contigs were deleted because they were not associating with Tiso but with prokaryotic origins (bacteria or virus sequences were identified in these contigs by BLAST on the nr database). A construction of large contigs exploiting the mate-pair method was performed using SSPACE software (launched with default parameters) [61] and 7662 contigs were obtained (N50 score: 10,571 bases). Finally, this first draft reference genome of Tiso had an estimated size of 54.38 Mb.
Gene identification and annotation
Identification of genes was performed using the MAKER2 training and annotation pipeline [62] . MAKER2 was employed using several tools: a) BLASTn [63] with Arabidopsis thaliana coding sequences (TAIR-10 [64] ); b) Tophat2 [65] for aligning the RNAseq data available for Tiso [14] ; c) BLASTx for aligning all CEGMA (core eukaryotic genes) [66] ; and d) Augustus [67] for models based on the gene structures of Chlamydomonas reinhardtii. All results of these different programs were combined by Maker 2, and a total of 20,582 genes were identified. Functional annotation was performed with BLASTx [63] on the nonredundant protein database (nr), with a similarity score higher than 30%. In addition, InterProScan software was used to identify functional domains [68] .
Polymorphism identification
Sequence reads obtained independently from each clone (Tiso-Wt, Tiso-S2M2-Cl1 and Tiso-S2M2-Cl2) were mapped onto the Tiso reference genome using Mosaik software (Percentage mismatch: 0.15; Hash size: 15; Insert size: 1500-300 bases; Algorithm: very sensitive) [69] . On average, 80% of read-pairs were aligned on the reference genome, 14% were aligned in multi-loci and 6% were not aligned (Table S2) . First of all, polymorphisms were identified to determine polyallelic loci from reads mapped independently on reference genome for each strain. An extrapolation at the whole genome level was realized for each strain to compare their numbers. Secondly, polyallelic loci detected in each strain and monoallelic loci in each strain were compared to identify polymorphic loci between strains. A search for SNPs and small indels was performed using Freebayes software and these alignment data [41] (minimal total coverage: 40; minimal allele coverage: 10; pooled-continuous option because we did not know the number of individuals in the Wt strain). In addition, a search for SNP and small indels was also performed using DiscoSNP software [70] directly from the reads data (Size of Kmers:21; minimal coverage per read set: 10). DiscoSNP is not biased by an alignment step but it produces more errors in polymorphism positions in the genome. An SNP or small indel in or between strains was validated if it was identified with both programs (74% of SNPs identified by Freebayes and 67% of SNPs identified by DiscoSNP). Putative impacts of SNPs and small indels on gene function were evaluated using SnpEff [71] . Only the missense variant, codon STOP variant and frameshift variant were considered to have a potential impact on genes. The large insertion polymorphism was identified by alignment of the genomes of each strain on the consensus reference using a parse script to extract each genomic sequence specific to one or two strains. In complement, MiNTheGap software [72] (size of Kmers: 21; minimal coverage 10) was used. The origin of the large insertion sequences identified between the strains was searched for on several databases (TAIR-10 [64] , Uniprot [73] , RepBase [45] ) by similarity (BLAST software, e-value E − 20).
All data (annotation, contigs, proteins, and raw data) are available in the SEANOE databank DOI: https://doi.org/10.17882/47171. Raw data for Tiso-Wt is available in SRR3156597 in NCBI. Supplementary data associated with this article can be found in the online version, at https://doi.org/10.1016/j.algal.2017.10.017.
